Boundary-layer growth on a sphere is studied when it is set into motion with constant acceleration and constant angular velocity, the latter being normal to the former. Analytic expressions are derived for the velocity components of the incompressible fluid in terms of a power series of the time of motion as well as for the skin friction.
Introduction
Impulsive or accelerated motion of a body of revolution is of great importance in fluid mechanics, and it has been studied extensively, lllingworth (1) considered the boundary-layer growth on a body moving along its axis of symmetry and spinning about the same axis. Squire (2) treated the case of the impulsive translational motion of a three-dimensional body by employing the method of successive approximations to produce a time-series solution, which was also used by Goldstein and Rosenhead (3) in their description of the initial stages of motion of a cylinder. Wadhwa (4) determined the boundarylayer growth on a body of revolution that simultaneously has axial and angular acceleration. Karahalios (5) described the time-dependent formation of the boundary layer on a body of revolution having translation and spin, placing emphasis on the case of a sphere.
In the present work, a sphere is moving with constant acceleration while at the same time it starts to rotate impulsively about an axis normal to the former direction. The object is to study the boundary layer, derive analytic expressions for the skin friction, and also determine the conditions for which skin friction becomes zero.
Statement of the problem and governing equations
At í = 0, a sphere of radius R starts to rotate impulsively about, say, the z axis with a constant angular velocity ft. Simultaneously, it starts to move along the,r axis with velocity Q varying with time according to the equation Q = bt, where b is the acceleration (see Fig. 1 ). The frame of reference 0(x,y,z) moves forward with the sphere but does not rotate. We consider a local frame of reference (£,6,£), where £ is measured along a meridian curve from the pole, 6 is the azimuthal angle, and L, measures distance, along the outward normal, from the surface of the sphere. Hence, a point P is defined by the coordinates £, 0, and £. The scale factors are h i = 1, h {) = r, and h i = \, where r is the radius of the cross section through P, normal to the z axis.
Let u, v, and w be the components of the fluid velocity. Then, the equations of motion of the boundary layer for incompressible flow are [1] 77
and the continuity equation is
Here U and V are the velocity components in the £ and 6 directions, respectively, that the main stream would have in an incident stream with velocity Q in the negative x direction,
Approximate power-series solution
Equations [1J and [2] can be simplified if we assume a solution with successive approximations of u, v, and w, each velocity component expressed in a power series of the time t. Initially, the effect of the impulsively started rotational motion is much more significant than that of the translational motion. Hence, if we put v = v 0 in [2] , we get where m = 4-n 4 + 12-n 2 + 3 and q = mE + a{4rf + l(>n)e ^2 are the complementary functions, while the solution of [12] is /21 = g 2l . Expressions for h,, h 2 , X 2 " etc. are presented in the Appendix.
The skin friction components are given by where N is the number of revolutions and x* = jbt 2 /R. It is, therefore, deduced that T ( , becomes zero for , has been plotted against the azimuthal angle 6. The comparison of the two diagrams shows that when the number of revolutions is increased, then the nondimensional distance x* that has to be travelled for T U to become zero or negative increases. In Fig. 4 , the nondimensional distance x* versus the number N of revolutions ([18]) has been sketched at a given azimuthal angle, 8 = IT/2. It can be deduced that the variation of x* with N is almost proportional. Evidently, when the number of revolutions is large while the time of motion is small, it is not possible fon-,, to become zero. Finally, in Fig. 5, x* versus 8 ([18] ) has been plotted for various values of/V. This drawing shows again that an increase in the value of N also drastically increases the value of x* for which T" could be zero.
Conclusions
When a sphere is simultaneously moving with constant acceleration and rotating with constant angular velocity, the rotational motion affects the length of time it takes for the skin friction to become equal to zero. In particular, an increase in the angular velocity increases the distance that has to be travelled by the sphere for the skin friction to reach a value of zero. If this is combined with the fact that the forward velocity approaches an upper limit, this suggests that practically speaking, one could avoid zero friction in accelerated translational motion by giving the sphere a large angular velocity normal to its direction of motion.
